
Neutrino Theory
at Fermilab

• Scientists:   Boris Kayser, Stephen Parke,  Chris Quigg

• Post Doc:   Mu-Chen Chen, Olga Mena

• Users:        Andre de Gouvea and Carl Albright

DOE Review
May 2006



Nu Research Papers:
Neutrino Coannihilation on Dark-Matter Relics?
Gabriela Barenboim (Valencia U.) ,  Olga Mena Requejo, Chris Quigg (Fermilab) . FERMILAB-PUB-06-050-T, 
Apr 2006. 5pp. 
e-Print Archive: astro-ph/0604215 

What fraction of boron-8 solar neutrinos arrive at the earth as a nu(2) mass eigenstate?
Hiroshi Nunokawa (Rio de Janeiro, Pont. U. Catol.) ,  Stephen J. Parke (Fermilab) ,  Renata Zukanovich 
Funchal (Sao Paulo U.) . FERMILAB-PUB-05-049-T, Jan 2006. 23pp. 
Dedicated to the memory of John Bahcall who championed solar neutrinos for many lonely years. 
e-Print Archive: hep-ph/0601198 
 
Super-NOnuA: A Long-baseline neutrino experiment with two off-axis detectors.
Olga Mena Requejo (Fermilab) ,  Sergio Palomares-Ruiz (Vanderbilt U.) ,  Silvia Pascoli (CERN) . CERN-PH-
TH-2005-050, FERMILAB-PUB-05-050-T, Apr 2005. 17pp. 
 Published in Phys.Rev.D72:053002,2005 
e-Print Archive: hep-ph/0504015 

Determining the neutrino mass hierarchy and CP violation in NoVA with a second off-axis detector.
Olga Mena (Fermilab) ,  Sergio Palomares-Ruiz (Vanderbilt U.) ,  Silvia Pascoli (CERN & Durham U., IPPP) . 
CERN-PH-TH-2005-195, IPPP-05-63, DCPT-05-126, FERMILAB-PUB-05-461-T, Oct 2005. 20pp. 
 Published in Phys.Rev.D73:073007,2006 
e-Print Archive: hep-ph/0510182 

 Physics potential of the Fermilab NuMI beamline.
Olga Mena, Stephen J. Parke (Fermilab) .
 FERMILAB-PUB-05-196-T, May 2005. 22pp. 
 Published in Phys.Rev.D72:053003,2005 
e-Print Archive: hep-ph/0505202

Theory of neutrinos: A White paper.
R.N. Mohapatra et al. FERMILAB-TM-2342-T, SLAC-PUB-11622, Oct 2005. 143pp. 
e-Print Archive: hep-ph/0510213 

 Neutrino physics.
Boris Kayser (Fermilab) . SSI-2004-L004, FERMILAB-PUB-05-236-T, Jun 2005. 21pp. 
Lectures given at 32nd SLAC Summer Institute on Particle Physics (SSI 2004): Natures Greatest Puzzles, 
Menlo Park, California, 2-13 Aug 2004. 
 Published in eConf C040802:L004,2004 
e-Print Archive: hep-ph/0506165 



Conference Proceedings:
many ...

Academic Lectures:
Boris Kayser (4) and Stephen Parke (4)

FNAL Experiments:
MINOS,  mini-BOONE

NOvA

Committees:
Kayser; APS(hep/nucl), NuSAG, Fermilab PAC, P5

Studies:
Proton Driver: Parke and Mena



Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA

Hierarchy Determination:
Counting Expts at First Osc. Max.

• Neutrino v Anti-Neutrino NOvA Expt.

• Neutrino v Neutrino Two Expts  Different L’s  and 
EQUAL  E/L’s:  NOvA+T2K

• Neutrino v Anti-Neutrino Two Expts Different L’s: 
NOvA+T2K

Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}

sparkE – 19 April 2004 15

0.75  upgrade to  4 MW 0.4  upgrade to  2 MW

T2K NOvA



FIG. 6: Sensitivity to the sign(∆m2
31)-extraction at the 95% CL within the three reference setups

explored in the present study. The labels L, M and S correspond to the Large, Medium and

Small experimental setups explored in this study, respectively. The dashed black curve is obtained

from Eq. (7) setting 〈sin δ〉− = −1 (〈sin δ〉+ = +1) for the normal (inverted) hierarchy. This is the

bound that would be obtained with infinite statistics and in the absence of backgrounds.

are obviously crucial to resolve the hierarchy of the neutrino mass spectrum9. The sensitivity

to the measurement of the sign of the atmospheric mass difference is expected to be better

when the sign of sin δ is negative: in the case of the Medium experimental setup, the

sensitivity to the sign (∆m2
31)-extraction is lost for positive values of sin δ. We show as well

in Fig. (6) the theoretical limit on the sign(∆m2
31)-extraction, which acts as a rigorous upper

bound on the experimental sensitivity curves. A possible way to resolve the fake solutions

associated to the sign of the atmospheric mass difference would be to combine the data from

the proposed NuMI 10 km off-axis and T2K experiments [20, 25]. The complementarity of

the NuMI and T2K experiments can be explicitly shown by exploiting the identity given in

9 Recently, new approaches for determining the type of hierarchy have been proposed [28] by exploiting other

neutrino oscillations channels, such as muon neutrino disappearance, and require very precise neutrino

oscillation measurements.
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The proposed long baseline, off-axis experiments are T2K and NoνA. T2K utilizes a

steerable neutrino beam from JHF and SuperKamiokande and/or HyperKamiokande as

the far detector. The mean energy of the neutrino beam will be tuned to be at vacuum

oscillation maximum, ∆13 = π
2 , which implies a 〈Eν〉 = 0.6 GeV at the baseline of 295

km using |δm2
31| = 2.4 × 10−3eV2 [6]. This is the 3o off-axis beam. For this configuration

the matter effects are small but not neglible [13] as can be seen from the separation of the

allowed regions in the bi-probability diagram, Fig. 1, for this experiment. Applying our

identity, Eqn.[11], to T2K, we find:

〈sin δ〉+ − 〈sin δ〉
−

= 0.47

√
sin2 2θ13

0.05
for T2K (12)

i.e. the difference between the true and fake solutions for the CP violating parameter sin δ

is 0.47 (≈ √
2/3) at sin2 2θ13 = 0.05.

NOνA proposes to use the Fermilab NuMI beam with a baseline of 810 km with a 50 kton

low Z detector which is 10km off-axis resulting in a mean neutrino energy of 2.3 GeV. The

NOνA beam energy is about 30% above the vacuum oscillation maximum energy for this

baseline. Matter effects are quite significant for NOνA as can be seen from the bi-probability

diagram, Fig 2. Applying our identity to NOνA we find:

〈sin δ〉+ − 〈sin δ〉
−

= 1.41

√
sin2 2θ13

0.05
for NOνA. (13)

The difference between the true and fake solutions for the CP violating parameter sin δ

is 1.41 (≈ √
2) at sin2 2θ13 = 0.05. The factor of 3 increase in the difference of the sin δ’s

compared to T2K is due to the coefficient in front of the square root which is proportional to

(aL). The NOνA detector is 2.75 times further away from the source than the T2K detector

and the average density for the NOVA baseline is slightly higher than for the T2K baseline.

Combining the results from T2K and NOνA we note that for the correct hierarchy and

hence the true value of sin δ the results should coincide within uncertainties

| 〈sin δ〉T2K
true − 〈sin δ〉NOνA

true | ≈ 0. (14)

Whereas for the wrong hierarchy, the fake solutions of sin δ are separated by

| 〈sin δ〉T2K
fake − 〈sin δ〉NOνA

fake | = 0.94

√
sin2 2θ13

0.05
. (15)
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For an “early” determination of the
Neutrino Mass Hierarchy,

NOvA 

is an Essential Ingredient.
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What Fraction of 8Boron Solar Neutrinos

arrive at the Earth as a ν2 mass eigenstate?1

Stephen Parke, Fermilab
with Hiroshi Nunokawa

and Renata Zukanovich Funchal
hep-ph/0510xxx

• 2 Neutrino Analysis - sin2 θ! and δm2!

• 3 Neutrino Analysis - sin2 θ12 and δm2
21
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1Dedicated to the memory of John Bahcall
who championed solar neutrinos for many lonely years.
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These are ν2 Neutrinos !!!
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SK

V. SUMMARY AND CONCLUSIONS

We have performed an extensive analysis of the mass eigenstate fractions of 8B solar

neutrinos using only two mass eigenstates (sin2 θ13 = 0) and with three mass eigenstates

(sin2 θ13 != 0). In the two neutrino analysis the ν2-fraction is 91 ± 2%. The remaining 9 ∓
2% is, of course, in the ν1 mass eigenstate. With these fractions in hand, which are primarily

determined by the solar δm2 measured by the KamLAND experiment, the sine squared of

the solar mixing angle is simply related to CC/NC ratio measured by the SNO experiment.

For completeness the mass eigenstate fractions for 7Be and pp are also given.

Allowing for small but non-zero sin2 θ13, in a full three neutrino analysis, we found very

little change in the fraction of ν1’s. This implies, since the ν3 fraction is sin2 θ13, that the ν2

fraction is reduced by sin2 θ13. That is, the ν2-fraction is

91 ± 2− 100 sin2 θ13 % at the 95% CL. (50)

Since the CHOOZ experiment constrains the value of sin2 θ13 < 0.04 at the 90% CL this

places a lower bound on the ν2 fraction of 8B solar neutrinos in the mid-eighty percent range

making the 8B solar neutrinos the purest mass eigenstate neutrino beam known so far, and

it is a ν2 beam!

As an example of the use of these mass eigenstate fractions, we have shown that for the

8B neutrinos observed by the SNO experiment, the Ue2-element of the MNS matrix is given

by

|Ue2|2 ≈ sin2 θ
8B
! + (0.53+0.06

−0.04) sin2 θ13. (51)

Where sin2 θ
8B
! is the sine squared of the solar mixing angle determined by using a two

neutrino analysis of the 8B neutrinos plus KamLAND. An analysis for this sin2 θ
8B
! obtained

from the SK, SNO and KamLAND data [31] gives sin2 θ
8B
! = 0.30+0.11

−0.08 at the 95% CL. With

the data currently available this is our best estimate of |Ue2|2 and is the most accurately

known MNS matrix element.

Finally, we have also demonstrated the possibility of probing the solar interior by 8B

neutrinos. We have derived a lower bound on the average electron number density over the

region where the solar 8B neutrinos are produced which is 50% of the Standard Solar model

value.

18

matter potential A which is reduced to A cos2 θ13 raising the fraction F1 and third is the

value of sin2 θ12 which changes to hold the CC/NC ratio fixed. By coincidence the sum

of these effects approximately cancel at the current best fit values and the fraction of ν1

remains approximately unchanged as sin2 θ13 gets larger. This implies that the fraction of

ν2 is reduced by ∼ sin2 θ13 since the sum of F1 + F2 is simply cos2 θ13, thus

F1 ≈ f1 = 0.09∓ 0.02, (33)

F2 = f2 − sin2 θ13 ≈ 0.91± 0.02− sin2 θ13, (34)

F3 = sin2 θ13. (35)

Remember fi and Fi are the fractions of the i-th mass eigenstate in the two and three

neutrino analysis, respectively. The uncertainty comes primarily from the uncertainty in

δm2
! measured by KamLAND.

As a use of these fractions one can for example evaluate the MNS matrix element, |Ue2|2 =

cos2 θ13 sin2 θ12, by rewriting Eq. (27) as

|Ue2|2 = cos2 θ13 sin2 θ12 =
(CC

NC − cos2 θ13F1)

(cos2 θ13 − 2F1)
, (36)

where terms of O(sin4 θ13) have been dropped. Performing a Taylor series expansion about

sin2 θ13 = 0, we find

|Ue2|2 = sin2 θ
8B
! + β sin2 θ13 +O(sin4 θ13), (37)

with β ≡ d|Ue2|2
d sin2 θ13

∣∣∣∣
0

=
(f1 − α) + (1 + 2α) sin2 θ!

(1− 2f1)
. (38)

For the current allowed region of the solar parameters, this implies that

|Ue2|2 ≈ sin2 θ
8B
! + (0.53+0.06

−0.04) sin2 θ13, (39)

at the 68% CL, i.e. the three neutrino |Ue2|2 is approximately equal to the sin2 θ
8B
! using a two

neutrino analysis of only the 8B electron neutrino survival probability using the KamLAND’s

δm2
! constraint plus 53% of |Ue3|2 determined, say, by a CHOOZ-like reactor experiment,

see Fig. 7(b).

If a similar analysis is performed for the three neutrino sine squared solar mixing angle

sin2 θ12, the total derivative with respect to sin2 θ13 is simply (β + sin2 θ!). For tan2 θ12 the

total derivative is (β +sin2 θ!)/ cos4 θ!. Alternatively we can turn this discussion inside out
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High-energy neutrinos may resonate with relic background neutralinos to form short-lived sneu-
trinos. In some circumstances, the decay chain that leads back to the lightest supersymmetric
particle would yield few-GeV gamma rays or charged-particle signals. Although resonant coanni-
hilation would occur at an appreciable rate in our galaxy, the signal in any foreseeable detector is
unobservably small.

PACS numbers: 96.50.Zc,95.35.+d,14.80.Ly

The possibility of detecting relic neutrinos by observ-
ing the resonant annihilation of extremely energetic neu-
trinos on the background neutrinos through the reaction
νν̄ → Z0 has been the object of extensive studies [1, 2, 3].
Given the small neutrino masses (<∼ 1 eV) indicated by
current experimental constraints, suitably intense sources
of extremely energetic (1021 – 1025-eV) cosmic neutrinos
are required. The positions and shapes of the absorption
lines in the extremely high-energy neutrinos spectrum
are influenced by Fermi motion of the relics and by the
thermal history of the Universe.

Relic neutrinos have a special standing: According to
the standard cosmology, neutrinos should be the most
abundant particles in the Universe, after the photons of
the cosmic microwave background, provided that they
are stable over cosmological times. But the weight of
cosmological observations argues that neutrinos are not
the only undetected relics. According to the Wilkinson
Microwave Anisotropy Probe (WMAP) three-year anal-
ysis [4], the matter fraction of the present Universe is
Ωmh2 = 0.127+0.007

−0.014, where h = 0.73±0.03 is the reduced
Hubble parameter [5] and Ωm is the ratio of the matter
density to the critical density "c ≡ 3H2/8πGN. (Here H
is the Hubble parameter and GN is Newton’s constant.)
The baryonic fraction is Ωbh2 = 0.0223+0.0007

−0.0009, and the
neutrino fraction Ωνh2 = (

∑
i mνi

) /94 eV ≈ 0.0072 <
∼

Ωbh2. Accordingly, we have reason to believe that the
matter fraction is dominated by an unseen “dark-matter”
component. A popular hypothesis, realized in many ex-
tensions to the standard model including supersymme-
try, holds that the dark matter is dominated by a single
species of weakly interacting massive particle (WIMP).

There is no confirmed observation of the passage of
WIMPs through a detector [6, 7]. A positive signal re-
ported by the dark matter experiment DAMA [8] seems
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FIG. 1: Resonant sneutrino formation in neutrino–neutralino
collisions. Double lines denote superpartners.

in conflict with upper limits set by the Cryogenic Dark
Matter Search [9] and the EDELWEISS experiment [10].
Accelerator experiments have so far not yielded evidence
for the production of a superpartner candidate for the
dark-matter particle [6].

In this note, we ask whether resonant coannihilation of
neutrinos with dark-matter superpartners might be ob-
servable. We study a particular representative case of
neutralino dark matter, in which the absolutely stable
lightest supersymmetric particle (LSP) is χ̃0

1, a superpo-
sition of neutral wino, bino, and Higgsino. In circum-
stances apt for detection, resonant formation of a sneu-
trino in the reaction νχ̃0

1 → ν̃, shown in Figure 1, might
induce absorption lines or direct signatures. A sneutrino
heavier than the neutralino is implied by the assumption
that χ̃0

1 be the LSP. A direct signature of sneutrino forma-
tion and decay requires that ν̃ decay into channels beyond
the νχ̃0

1 formation channel. Informative examples include
the parameter sets (I’ and L’) presented among the post-
WMAP benchmarks for the constrained minimal super-
symmetric standard model in Ref. [11]. (The same two
models have been considered by Datta and collabora-
tors [12] in their recent study of the Lorentz-boosted sit-
uation of ultrahigh-energy neutralinos scattering on the
relic neutrino background.)

We summarize the relevant information in Table I. The
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for the production of a superpartner candidate for the
dark-matter particle [6].

In this note, we ask whether resonant coannihilation of
neutrinos with dark-matter superpartners might be ob-
servable. We study a particular representative case of
neutralino dark matter, in which the absolutely stable
lightest supersymmetric particle (LSP) is χ̃0

1, a superpo-
sition of neutral wino, bino, and Higgsino. In circum-
stances apt for detection, resonant formation of a sneu-
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events within the Earth’s volume, V⊕ = 1.08× 1027 cm3,
is no more than 6 × 10−3 y−1.

Extraterrestrial sources may interact with relic neutri-
nos over a larger volume. A representative estimate [24]
of the diffuse neutrino flux from active galactic nuclei
suggests that, at Eν ≈ 300 GeV, the flux of cosmic neu-
trinos arriving from all directions is

dNν

dEν
≈ 6.3 × 10−17 cm−2 s−1 GeV−1, (11)

approximately 2 × 10−9× the vertical atmospheric neu-
trino flux we have just considered. The upper bound
on the amount of dark matter in the sphere defined by
Earth’s orbit, µ(1 au) < 7.85 × 1044 GeV [22], could
therefore be the site of up to (144,130) νχ̃0

1 → ν̃ inelastic
interactions per year for model (I’,L’).

Let us compute the contribution of each event, at its
own location, to the signal recorded by a detector of unit
area at Earth. It will be sufficient to assume that the
detector records signals from all relevant directions with
perfect efficiency. We define the vector from the Sun
to the detector as #s ≡ (0, 0, s), and denote the location
of the target as #r ≡ r(sin θ cosφ, sin θ sin φ, cos θ). Then
the vector that points from the target to the detector is
#d = #s − #r, so that d2 = r2 + s2 − 2rs cos θ. The decay
products of the sneutrino produced at #r are distributed
isotropically. Accordingly, the fraction incident on a de-
tector of area A will be f = A/4πd2, the fraction of the
solid angle that the detector subtends.

The effective number of targets seen by a detector of
unit area at #s is given by

neff(s) ≡
1

4πMχ̃

∫
d3

r

'χ̃(r)

d2
(12)

=
1

2Mχ̃

∫ 1

−1
d(cos θ)

∫ s

0

r2 dr'χ̃(r)

r2 + s2 − 2rs cos θ
.

For the special case of a constant density '#χ̃ = 5.6 ×

104 GeV cm−3, and s = 1 au = 1.496 × 1013 cm, the
effective number of targets is

neff(s) =
'#χ̃ s

2Mχ̃
≈ 3 × 1015 cm−2. (13)

Using the cosmic-neutrino flux (11), we estimate that a
detector in the vicinity of Earth would be sensitive to
7.7 × 10−26 events cm−2 y−1. With such a small num-
ber of events, there is no hope of detecting the few-GeV
gamma rays that would be created in the cascade back
to χ̃0

1.
The halo of our galaxy contains a great quantity of

dark matter: for the NFW profile, 4.4 × 1067 GeV lies
within the galactocentric radius of our solar system. The
number of neutralino targets with which neutrinos might
coannihilate to form sneutrinos is thus (3.1, 2.4) × 1065

for model (I’, L’). Focusing again on model I’ and taking
the estimate (11) for the cosmic-neutrino flux, we find
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FIG. 3: Effective number of neutralino targets per unit of
detector area viewed from a location at radius s from the
galactic center, according to four dark-matter density profiles
for the Milky Way galaxy. Our location corresponds to s =
8.5 kpc.

that the sneutrino formation rate throughout the galaxy
is 2.6×1017 s−1 = 8.1×1024 y−1. These rates are prodi-
gious in absolute terms, but represent an insignificant
disturbance to the galaxy’s neutralino population.

Can we hope to observe the sneutrino formation that
might be bubbling away in our neighborhood? in this
case, we define #s ≡ (0, 0, s) to be the vector from the
galactic center to the detector, and use (12) to compute
the effective number of targets seen from Earth. For the
NFW profile, we find neff(r#) = 4.9 × 1019 cm−2. For
a detector of any plausible area, only a tiny fraction of
the 3.1 × 1065 neutralinos in the halo produce a visible
signal. Indeed, using the neutrino flux (11), we expect
that a detector in the vicinity of Earth would be sensitive
to 1.3 × 10−21 events cm−2 y−1.

It is not obvious that Earth’s location should happen
to be optimal for viewing coannihilation events in the
galaxy. In Figure 3 we show how the effective number
of targets viewed depends on s, the galactocentric radius
of the observation point. For the smooth ISO and BE
profiles, our solar system lies near the optimal distance,
while for the NFW profile the effective number of tar-
gets viewed is insensitive to the detector position. The
most singular profile we consider, M99, favors an obser-
vatory close to the galactic center—not that we could
contemplate one—but even in this case, the sensitivity is
enhanced by less than two orders of magnitude, which is
far too little to enable detection. Singular profiles have
more effect on the rates for neutralino-neutralino anni-
hilations, which are proportional to the square of the
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